A fetus, although semi-allogeneic, is usually accepted by the maternal immune system. However, complications, including alloresponsive mechanisms, are thought to be potentially detrimental for a successful pregnancy. Therefore, we compared allogeneic T cell responses of nonpregnant women with the response of healthy pregnant women and pregnant women who have various gestation-associated diseases. Peripheral blood mononuclear cells (PBMCs) of all three groups were stimulated with PBMCs from unrelated volunteers. Pregnant women had significantly reduced stimulation indices (SIs) compared with nonpregnant women. Exposing PBMCs from pregnant women to PBMCs of their own fetus led to a further significant decrease of SIs. Among the two groups of pregnant individuals, SIs of women with prolonged preterm rupture of fetal membranes (PPROM) were significantly higher when the maternal PBMCs were stimulated with PBMCs of their own fetus. This phenomenon could not be observed after stimulation with PBMCs from unrelated volunteers. In addition, an increased humoral immune response was assessed for women with PPROM in comparison with women with uncontrollable preterm labor. Our results revealed a strongly reduced allogeneic T cell response of PBMCs from pregnant women that was further down-regulated when PBMCs from their own fetus were used as stimulators. By contrast, data from women with PPROM suggest an increased maternal T cell response specifically toward the fetal HLA antigens. During pregnancy the maternal immune system is confronted with paternal allo-antigens expressed by the fetal tissues. Therefore, maternal immune rejection processes toward fetal HLA antigens may represent a major cause of complications, such as uncontrollable preterm labor (PL), prolonged preterm rupture of fetal membranes (PPROM), pregnancyinduced hypertensive diseases [preeclampsia; hemolysis, elevated liver enzymes, low platelets (HELLP) syndrome] or intrauterine growth restriction (IUGR). Several local mechanisms that act at the maternal-fetal interface to protect the fetus from maternal immune attack are known (1). In addition, mechanisms that induce peripheral immune tolerance to the fetus seem to be of equal if not of greater importance for successful course of pregnancy.
During pregnancy the maternal immune system is confronted with paternal allo-antigens expressed by the fetal tissues. Therefore, maternal immune rejection processes toward fetal HLA antigens may represent a major cause of complications, such as uncontrollable preterm labor (PL), prolonged preterm rupture of fetal membranes (PPROM), pregnancyinduced hypertensive diseases [preeclampsia; hemolysis, elevated liver enzymes, low platelets (HELLP) syndrome] or intrauterine growth restriction (IUGR). Several local mechanisms that act at the maternal-fetal interface to protect the fetus from maternal immune attack are known (1) . In addition, mechanisms that induce peripheral immune tolerance to the fetus seem to be of equal if not of greater importance for successful course of pregnancy.
One such mechanism is most possibly the induction of CD25ϩCD4ϩ T regulatory cells, a specialized T cell population that was shown not only to suppress autoaggressive immune responses (2) but also to prevent graft rejection as a result of induction of transplantation tolerance (3) . Pregnancyinduced expansion of these regulatory T cells occurs in both mice (4) and humans (5) . These cells were able to suppress the allogeneic T cell response directed against the fetus (4). Recently, it was reported that normal human pregnancy also is associated with an increased number of regulatory T cells in the maternal circulation (5) .
Other mediators that influence peripheral immune tolerance are soluble HLA (sHLA) class I molecules. Soluble forms of HLA-A, -B, -C, and -G were shown to inhibit cytotoxic T cell activity through CD8 ligation, leading to increased apoptosis by Fas/Fas-ligand interaction of these cells (6 -8) . Thus, increased availability of sHLA class I molecules may have strong immune-suppressive effects and affect potentially maternal immune homeostasis. Besides these nonspecific effects on the immune response, sHLA class I molecules have specific effects on the allogeneic T cell response. These molecules induce the apoptosis of cytotoxic T lymphocytes through binding to their corresponding T cell receptors (9 -11) . Therefore, maternal alloreactive T cells could be blocked by fetally derived sHLA class I molecules. By this way, the maternal T cell response directed specifically against the fetal HLA class I antigens is suppressed, whereas the T cell response against other unrelated allogeneic donors is not influenced.
We show here that the alloreactive immune response toward peripheral blood mononuclear cells (PBMCs) from healthy adults was considerably reduced in pregnant compared with nonpregnant women. This alleviated response was further strongly diminished when PBMCs that were isolated from the individual fetus were the targets. The same finding could be observed in pregnant women who experience various gestation-associated diseases. An exception were women who had PPROM and exhibited a comparatively high alloresponse, suggesting an increased anti-fetal reaction under these conditions.
METHODS
Participants in the mixed lymphocyte culture reaction study. This study was approved by the Regional Ethics Committee. Informed consent was obtained from all participants. From June 2002 until February 2003, EDTA plasma samples were collected from 96 healthy male or female volunteers, who constituted the nonpregnant control group, and from 137 pregnant women in the third trimester. All pregnant women were classified into five different groups according to pregnancy complications and outcome. From these pregnant women, both maternal and cord blood samples were consecutively collected immediately after delivery. Clinical characteristics of all of these patients are detailed below and summarized in Table 1 . As sufficient volumes of both maternal and fetal blood samples were necessary for the mixed lymphocyte culture (MLC) reaction studies, a period of 9 mo was needed to get at least 10 patients per group. This study represents an explorative pilot study for which no previous knowledge exists. All experiments were done for the first time. Therefore, we were not able to do a sample size calculation to calculate the expected number of patients that would be necessary to test for the assessment of significant differences between groups. We finished our study after having recruited at least 10 patients per group and checked our results for significant differences of the patient groups as described below.
Group 1 consisted of 68 healthy women who delivered term neonates (38 -42 wk gestation) with normal birth weight, after the onset of spontaneous term labor (n ϭ 42) or elective cesarean section because of cephalopelvic disproportion, breech presentation, repeated cesarean section, or fear of vaginal birth (n ϭ 26). Group 2 consisted of 15 women who delivered preterm (25-37 wk gestation) because of uncontrollable PL associated with progressive dilation of the os uteri or fetal heart rate patterns necessitating immediate delivery [pathologic cardiotocogram (CTG)]. For all of these women, rupture of fetal membranes occurred after the onset of labor, and latency from membrane rupture to delivery was Ͻ24 h in all cases. Depending on gestational age and clinical symptoms, pregnancy was interrupted by cesarean section (n ϭ 7) or spontaneous delivery (n ϭ 8).
Group 3 consisted of 20 women who delivered preterm (25-37 wk gestation) with diagnosis of PPROM. This diagnosis was defined as spontaneous membrane rupture that occurred before the onset of labor. For all women in this group, rupture of fetal membranes occurred at least 24 h before the onset of labor. Five of these women received labor-promoting drugs because fetal lung maturity was attained. Six patients delivered by cesarean section, and 14 women delivered spontaneously after the onset of labor. 
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MATERNAL T CELL RESPONSE AND PPROM Group 4 consisted of 22 patients (25-41 wk gestation) with clinical symptoms of preeclampsia (n ϭ 16) or HELLP syndrome (n ϭ 6). Preeclampsia was diagnosed in the presence of a blood pressure of Ͼ140/90 mm Hg at two separate occasions, 6 h apart, along with significant proteinuria (Ͼ300 mg/L in a 24-h collection or a dipstick reading of Ͼ2ϩ on a voided random urine sample in the absence of urinary tract infection) in previously normotensive women. In seven cases, hypertension was complicated by IUGR. The diagnosis of HELLP-syndrome was made when hemolysis, elevated liver enzyme levels, and thrombocytopenia were present. The laboratory parameters of these patients were serum haptoglobin concentrations Ͻ0.3 g/L, thrombocyte count Ͻ150,000 cells/L, and aspartate aminotransferase and alanine aminotransferase Ͼ30 U/L. All of these patients showed characteristic clinical symptoms such as left-sided epigastric pain, flickering in front of one's eyes, and exaggerated reflexes. In this group, eight patients delivered spontaneously after administration of labor-promoting drugs, and 14 women had a cesarean section because of fetal or maternal indication.
Group 5 consisted of 12 patients at term (38 -42 wk gestation) who delivered by cesarean section (n ϭ 4) or vaginally after induction of labor because of a growth-restricted fetus (n ϭ 8). Labor was induced in case of ultrasonographic detection of fetal growth arrest and advanced gestational age. Cesarean section was done in case of pathologic fetal Doppler findings or fetal heart rate patterns necessitating cesarean delivery (pathologic CTG). After delivery, IUGR was diagnosed in case of a birth weight Ͻ10th percentile for gestational age. None of the fetal growth-restricted cases was complicated by preeclampsia or HELLP syndrome.
Participants in the anti-HLA antibody detection study. The experimental design of the initial MLC reaction study did not include the collection of serum samples. Hence, as we realized that the occurrence of PPROM was associated with an increased alloreactive T cell response of the mother against the fetal HLA antigens, we could not check for anti-HLA antibodies because no serum samples had been stored. Consequently, we recruited a new collective of women with PPROM and a second with uncontrollable PL for comparative analysis of anti-HLA antibodies. This study was also approved by the Regional Ethics Committee, and informed consent was obtained from all participants. The serum samples were collected consecutively from March 2003 until August 2003. The clinical characteristics of these 83 women, stratified into two different groups, are detailed below and summarized in Table 2 . As this study also represents an explorative pilot study, it was not possible to calculate the expected number of patients to be tested to demonstrate significant differences between groups. Samples were collected until at least 30 patients per group were recruited. Results were checked for significant differences between the patient groups as described below.
Group A consisted of 46 women who delivered preterm (25-37 wk gestation) because of uncontrollable PL associated with cervical insufficiency or pathologic CTG necessitating immediate delivery. For all of these women, rupture of fetal membranes occurred after the onset of labor, and latency from membrane rupture to delivery was Ͻ24 h in all cases. Depending on gestational age and clinical symptoms, pregnancy was interrupted by cesarean section (n ϭ 28) or spontaneous delivery (n ϭ 18).
Group B consisted of 37 women who delivered preterm (Ͻ37 wk gestation) with a diagnosis of PPROM. For all of these women, rupture of fetal membranes occurred at least 24 h before the onset of labor. In this group, five women received labor-promoting drugs because fetal lung maturity was attained. Nineteen patients delivered by cesarean section, and 14 women delivered spontaneously after the onset of labor.
MLC reaction. Anticoagulated blood samples were collected from 96 nonpregnant healthy volunteers and from 137 pregnant women stratified into five different groups as described above. PBMCs were isolated by FicollHypaque density gradient centrifugation. For MLC reactions of nonpregnant individuals, 1 ϫ 10 5 mononuclear cells from each individual served as responder cells and were stimulated with 1 ϫ 10 5 pooled cells from at least three different, unrelated volunteers. MLC reactions were also done with cells from pregnant women. For these experiments, 1 ϫ 10 5 mononuclear cells from each pregnant woman served as responder cells and were stimulated with 1 ϫ 10 5 mononuclear cells of their own fetus or with 1 ϫ 10 5 pooled cells from at least three unrelated volunteers. All different series of MLC reactions were performed according to the scheme shown in Table 3 .
In all experiments, cells were incubated in 240 L of RPMI culture medium supplemented with 10% FCS for 5 d. Stimulating cells were irradiated with 25 Gy before incubation. Autologous controls were done, preparing cultures that contained stimulating and responding cells from the same individual. Cultured cells were labeled with 3 H-thymidine (1 Ci/well) incorporation for an additional culture period of 18 h after which the cells were harvested. The amount of 3 H-thymidine incorporation was measured by liquid scintillation counting. Results expressed as stimulation index (SI) were calculated as a ratio between the count per minute (cpm) obtained in the allogeneic combination, divided by the cpm obtained in the appropriate autologous control.
Determination of anti-HLA class I and II specific antibodies. Anti-HLA class I and II antibodies were detected in serum samples that were obtained from women who delivered preterm and were stratified in two different groups (PL n ϭ 46; PPROM n ϭ 37). Blood samples were taken at admission into the delivery room, normally within 24 h before delivery, and centrifuged at 1500 ϫ g for 10 min at 4°C. The serum was removed and stored in aliquots at Ϫ80°C until assayed. Antibody (IgG) detection was performed using "LAMBDA ANTIGEN TRAY" qualitative ELISA kits (One Lambda, Inc., Canoga Park, CA) according to the manufacturer's instructions. Subsequently, the data were analyzed using One Lambda proprietary software (LAT-LCT Software). LAT-LCT is a computer program that was designed to efficiently retrieve and analyze the results of the LAMBDA ANTIGEN TRAY assay. This panel reactive antibody testing allows the qualitative detection of anti-HLA class I and class II IgG antibodies in the maternal circulation. In most cases, interpretation of the results also allows the definition of antibody specificity.
Statistical analysis. Statistical comparison of SI values among the different patient populations was done using the nonparametric Wilcoxon-MannWhitney U test. p Ͻ 0.05 was considered significant. Statistical evaluation of the presence of anti-HLA antibodies in the maternal circulation of the different patient populations was done using Fisher's exact test. p Ͻ 0.05 was considered significant. PL ϭ Preterm Labor; PPROM ϭ Prolonged preterm rupture of fetal membranes; IUGR ϭ Intrauterine growth retardation; * (leukocytes Ͼ 11.500/ l), † (C-reactive protein levels Ͼ 1 mg/dl), ‡ (birth weight Ͻ 10th percentile for gestational age), § (blood pressure Ͼ 140/90 mm Hg in two determinations apart), (Ͼ300 mg per 24 h), ¶ (aspartate aminotransferase and alanine aminotransferase Ͼ 30 U/I), ** (thrombocyte count Ͻ 150.000/l); *** Statistical differences were detected between PPROM and Uncontrollable Preterm Labor (p Ͻ 0.05). 
RESULTS
The allogeneic T cell response of pregnant women is significantly decreased in comparison with nonpregnant women. MLC reactions of PBMCs from 96 healthy, nonpregnant volunteers toward pooled cells from at least three different, unrelated volunteers were done to examine the allogeneic T cell reactivity of a normal control group. The SIs obtained for each of these individuals are shown in Fig. 1A . MLC reactions were also performed with 68 healthy pregnant women at term. The maternal PBMCs were stimulated with pooled cells from at least three different, unrelated volunteers (Fig. 1B) or with PBMCs of their own fetus (Fig. 1C) . We found significantly decreased SIs for the group of healthy pregnant women (median value 21.80; range 1.30 -167.00) in comparison with the nonpregnant individuals of the control group (median value 62.53; range 8.44 -379.49). There was a further strong decrease of SIs when the maternal PBMCs were stimulated with PBMCs of their own fetus (median value 2.15; range 0.60 -51.50) instead of PBMCs from unrelated volunteers. These findings suggest that the cellular immune response in pregnant women is strongly diminished, especially in response to their semi-allogeneic fetus.
PPROM is associated with an increased maternal T cell response against the semi-allogeneic fetus. MLC reactions were also done with PBMCs from 69 pregnant women with various gestation-associated diseases. The maternal PBMCs were stimulated with pooled cells from healthy, unrelated volunteers and with cells of their own fetus. The clinical characteristics and SIs (median and range) of these patients, stratified into five different groups, are summarized in Table 1 . We observed a significant proliferative response of the maternal T cells from both normal term and affected women toward allogeneic control cells ( Fig. 2A and Table 1 ). By contrast, this proliferative response was strongly depressed when the maternal cells were stimulated with the PBMCs of their own semiallogeneic fetus (Fig. 2B and Table 1 ). We did not detect any significant differences of SIs between the patients in these five groups when the maternal T cells were stimulated with pooled cells from unrelated volunteers ( Fig. 2A and Table 1) . Surprising, we detected significant differences between these patient groups when the maternal PBMCs were stimulated with cells of their own semi-allogeneic fetus (Fig. 2B and Table 1 ). Namely, we found significantly increased SIs for patients with PPROM (median SI 6.30; range 1.30 -56.80) in comparison with women with normal term delivery (median SI 2.15; range 0.60 -51.50; p Ͻ 0.05) but also in comparison with patients with other pregnancy-associated diseases such as preeclampsia/HELLP syndrome (median SI 1.75; range 1.10 -14.90; p Ͻ 0.05) and IUGR (median SI 1.85; range 0.70 -38.10; p Ͻ 0.05). The most strengthened differences were detected between patients with PPROM and patients with uncontrollable PL (median SI 1.40; range 0.90 -8.50; p Ͻ 0.005). There were no significant differences among women with normal term labor (median SI 2.25; range 0.60 -42.9; n ϭ 42), patients with uncontrollable preterm labor, and patients with term elective cesarean section in the absence of labor (median SI 2.15; range 0.70 -51.5; n ϭ 26; data not shown). These results show that the status of labor obviously does not have an effect on the proliferative response of the maternal T cells.
PPROM is associated with an increased detection of anti-HLA antibodies in the maternal circulation. Our MLC studies clearly demonstrated an increased cellular anti-fetal immune response for women with PPROM compared with women with uncontrollable PL. Therefore, we examined whether an increased humoral immune response toward the fetal HLA antigens could also be detected for women with PPROM in comparison with women with PL. In a consecutive study, the formation of anti-HLA antibodies was tested in plasma samples that were collected from 46 women who delivered preterm because of uncontrollable PL (25-37 wk gestation) and 37 women who delivered preterm with diagnosis of PPROM (25-37 wk gestation). Clinical data of the patients in these two 651 groups are summarized in Table 2 . The presence of antibodies directed against HLA antigens was performed using One Lambda-ELISA kits in combination with LAT-LCT Software as described before. The presence of anti-HLA antibodies was detected for seven patients with uncontrollable PL (15.2%) and for 15 patients with PPROM (40.5%). Statistical evaluation revealed that the number of individuals who generated anti-HLA antibodies was significantly (p Ͻ 0.05) increased in the group of patients with PPROM in comparison with women with uncontrollable PL (Table 2) .
DISCUSSION
Pregnancy can be considered as a successful transplantation of allogeneic paternal tissues to the mother. In the present study, we preferentially used the MLC reaction to analyze a potential maternal anti-fetal immune response. We found that the proliferative T cell response after allogeneic stimulation was significantly decreased in pregnant women in comparison with a nonpregnant control group. As regulatory T cells were shown to reduce the allogeneic T cell response after organ transplantation (12, 13) , it seems that this effect may be mediated by the expansion of these cells during pregnancy. We also found that there was a further significant decrease of the maternal allogeneic T cell response when the cells were stimulated with PBMCs cells of their own fetus, instead of cells from unrelated volunteers. These findings suggest that additional mechanisms that suppress the maternal T cell response specifically toward the allo-antigens of the fetus may exist. In pregnancy, this suppressive effect may be achieved by the interaction of fetally derived soluble HLA class I antigens with the T cell receptors of the corresponding maternal cytotoxic T cells. Alloreactive cytotoxic T cells persist in the mother and may cause fetal rejection if deficient amounts of soluble HLA class I molecules reach the maternal circulation. For organ transplantation, it was already demonstrated that increased detection of donor-derived soluble HLA class I molecules was associated with prolongation of graft survival and induction of tolerance (14) . Therefore, it seems that maternal immune tolerance toward the fetal allo-antigens may be achieved by different mechanisms involving both the induction of regulatory T cells and the release of soluble fetal HLA class I molecules into the maternal circulation.
With regard to different pregnancy-associated diseases, we could not detect significant differences of SIs after allogeneic stimulation between women with normal term delivery and women with various pregnancy complications. In contrast, the occurrence of PPROM was definitely found to be characterized by an increased maternal T cell response when the maternal cells were stimulated with cells of their own fetus. SIs of women with PPROM were significantly increased in comparison with women with normal term delivery and also in comparison with women with other complications in pregnancy. These findings support the idea that maternal T cell reactions specifically directed toward the fetal allo-antigens may be involved in the pathogenesis of PPROM. As an increased humoral anti-fetal immune response was also detected for women with PPROM, it seems that both cytotoxic T cells and T-helper cells may react in case of PPROM. Our study is the first one to show that the occurrence of PPROM is associated with an increased maternal T cell reactivity toward the fetal allo-antigens. Because of small patient numbers in each group, our experience in this field is still small. Further studies will be necessary to confirm our findings concerning the importance of peripheral tolerance induction for pregnancyspecific complications such as PPROM. At present, we cannot state definitively that an inadequate release of highly polymorphic HLA class I molecules from fetal tissues may principally be involved in the pathogenesis of PPROM. For normal pregnancy, it is known that a significant elevation of soluble HLA class I blood levels occurs in the first two trimesters, which drops below normal levels at the end of pregnancy (15) . As well, we cannot rule out that soluble forms of the relatively nonpolymorphic HLA-G molecules may additionally contribute to insufficient apoptosis of alloreactive cytotoxic T cells in pregnancy. Decreased levels of soluble HLA-G were already detected in the presence of placental abruption (16) and preeclampsia (17) .
In the literature, little information exists about the precise pathophysiology of PPROM, which affects~3% of all pregnancies. Previous reports merely demonstrate the existence of choriodecidual infection and/or inflammation in the cause of PPROM (18) . As the amniochorionic membranes are connective tissue structures, many studies have focused on the expression of matrix-degrading enzymes in the amniochorionic membranes. In support of this, increases in amniotic fluid matrix metalloproteases (MMPs) (19 -21) as well as decreases in tissue inhibitors of MMPs have been reported for women with PPROM (22) . Nevertheless, similar findings are observed for normal spontaneous term delivery and infection-induced PL and PPROM. Therefore, degradation of the extracellular matrix seems to be part of the common terminal pathway of human parturition irrespective of the presence or absence of intrauterine infection. Intrauterine infection may accelerate these processes but may probably not be inevitably the initial cause of PL and PPROM.
In the meantime, there is a growing body of evidence that PPROM and uncontrollable PL may be induced by two different pathways. Besides changes in the expression pattern of MMPs and tissue inhibitors of MMPs, the proapoptotic genes p53 and bax were found to be up-regulated in the amniochorionic membranes and the pro-apoptotic cytokine IL-18 was increased in the amniotic fluid of patients with PPROM in comparison with women with PL. Prematurely ruptured membranes also demonstrated fragmented DNA and expression of Fas and caspase-8, all of which were absent in PL membranes (23, 24) . Previous findings of our own group demonstrated particular importance of tumor necrosis factor-␣ (TNF-␣) for the detection of PPROM. TNF-␣ was detectable exclusively in cervicovaginal secretions of patients with term or preterm PPROM but never in patients with intact membranes (25) . This cytokine was shown to be the only cytokine studied so far that has the capability of inducing both MMP activity (MMP-9) and apoptosis in the fetal membranes (26, 27) . Obviously, increased availability of TNF-␣ and the induction of apoptosis in the amniochorionic membranes are decisive factors in the patho-652 physiology of PPROM but not in the pathophysiology of PL. TNF-␣ is a main product of activated T lymphocytes, and the lytic activity of cytotoxic T cells is mediated through the induction of apoptosis by at least two different pathways (secretory perforin/granzyme-based pathway and the Fas/Fasligand based pathway). Therefore, our findings strongly support that increased detection of apoptotic processes in the fetal membranes of patients with PPROM may be caused by an excessive cytotoxic T cell response of the mother toward the fetal allo-antigens. As the occurrence of PL was not associated with such an excessive maternal cytotoxic T cell response, our findings also suggest that significant differences in the molecular events that lead to PPROM and PL may exist. Recently, Romero et al. (28) found increased MMP-9 concentrations in the fetal circulation of women with PPROM but not in the fetal circulation of women with PL. In contrast, an increased inflammatory response was detectable in the fetal circulation of women with PL but not in the fetal circulation of women with PPROM. Such findings as well demonstrate considerable differences in the pathophysiology of PL and PPROM.
In addition, PPROM was shown to be associated with the presence of intense maternal intravascular inflammation (29) . As yet, such an excessive maternal inflammatory response during pregnancy is reported for the occurrence of preeclampsia (30) . Therefore, similar to preeclampsia, the occurrence of PPROM may also be based on dysregulation of the maternal immune system. This assumption may be further confirmed by our findings that PPROM, similar to other pregnancy-specific diseases such as preeclampsia (31) and placental abruption (32) , is associated with an increased humoral immune response against the fetus. Probably, most complications in pregnancy are accompanied by different forms of an increased maternal anti-fetal immune response. With regard to pregnancies that are affected by PPROM, it seems that mechanisms that induce tolerance specifically toward the fetal allo-antigens may be disturbed.
